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Anthropogenic activities and greater demands for marine natural resources has led to increases in the spatial extent and duration of pressures on marine ecosystems. Remotely operated vehicles (ROVs) offer a robust survey tool for quantifying these pressures and tracking the success of management intervention while at a range of depths, including those inaccessible to most SCUBA diver-based survey methods (~>30 m). As the strengths, limitations, and biases of ROVs for visually monitoring fish assemblages remain unclear, this review aims to evaluate ROVs as a survey technique and to suggest optimal sampling strategies for use in typical ROV-based studies. Using the search engines Scopus™ and Google Scholar™, 119 publications were identified that used ROVs for visual surveys of fish assemblages. While the sampling strategies and sampling metrics used to annotate the imagery in these publications varied considerably, the total abundance of fish recorded over strip transects of varying dimensions was the most common sampling design. The choice of ROV system appears to be a strong indicator of both the types of surveys available to studies and the success of ROV deployments. For instance, larger, more powerful working-class systems can complete longer and more complex designs (e.g., swath, cloverleaf, and polygonal transects) at greater depths, whereas observation-class systems are less expensive and easier to deploy, but are more susceptible to delays or cancelations of deployments. In more severe sea state conditions, radial transects, or strip transects that employ live-boating or a weight to anchor the tether to the seafloor, can be used to improve the performance of observation-class systems. As these systems often employ shorter tethers, radial transects can also be used to maximize sampling area at greater depths and on large vessels that may rotate substantially while anchored. For highly mobile species, and in survey designs where individuals are likely to be recounted (e.g., transects along oil and gas pipelines), relative abundance (MaxN) may be a more robust sampling metric. By identifying subtle, yet important, differences in the application of ROVs as a tool for visually surveying deep-water marine ecosystems, we identified key areas for improvement for best practice for future studies.
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INTRODUCTION

In light of global anthropogenic threats, such as climate change, pollution, and overexploitation, an increasing number of marine biological communities require conservation (Veitch et al., 2012). Fundamental to these conservation initiatives is the need for robust monitoring of the focal ecosystems (Espinoza et al., 2014; Addison et al., 2018). However, comprehensive monitoring of our marine ecosystems, particularly the deeper regions, is difficult, and has resulted in most of the spatially- and temporally-mature monitoring datasets being constrained to depths shallower than 30 m (e.g., SCUBA-diver based underwater visual census) (Andaloro et al., 2013). While methods do exist for assessing deep-water marine ecosystems, such as longline (Brooks et al., 2011; Santana-Garcon et al., 2014; McLean et al., 2015), and bottom dredging/trawling (De Leo et al., 2010; D'Onghia et al., 2012), ecological concerns encourage the use of non-destructive methods (Murphy and Jenkins, 2010; Lyle et al., 2014). The development of robust, non-destructive video-based survey techniques is an emerging field that allows for in situ observations of species, their distributions, behaviors and habitat associations in an array of habitats, including these difficult, deep-water ecosystems (Mallet and Pelletier, 2014). However, some of these mobile video-based methods, including Autonomous Underwater Vehicles (AUVs), underwater towed videos (UTVs) and remotely operated vehicles (ROVs), are in their early stages of development and require proper evaluation and standardization before they can be reliably used for biological monitoring (Karpov et al., 2012; Lauermann, 2014).

ROV surveys are novel video-based tool for assessing fish assemblages, yet have a number of strengths that could make them important tools in future biological surveys (Huvenne et al., 2018). These strengths include the ability to deploy high-resolution video (forward and downward looking) along fixed and repeatable transects on targeted seabed features, while maneuvering around complex substrate, and recording the track of the vehicle over base-maps (Linley et al., 2013; Macreadie et al., 2018). This combination of strengths allows for quantitative estimates of benthic floral and faunal cover as well as benthic fishes, epi-benthic fishes, pelagic fishes, and ground-truthing of major habitat features (Quattrini et al., 2017). However, the strengths, limitations and biases of ROVs for visually monitoring fish assemblages remain unclear. This review aims to evaluate ROVs as a video-based survey tool and to suggest standardized operating protocols for typical ROV-based studies through trends in the literature.

METHODS

The Scopus™ and Google Scholar™ databases were accessed in November 2018 to search for peer-reviewed journal publications and gray literature (1965–2018) that used video footage collected by remotely operated vehicles (ROVs) to visually assess fish assemblages (Figure 1 and Supplementary Material). The review identified 119 publications that used ROVs to visually survey fish communities by using the keyword combinations “[(remotely AND operated AND vehicle*) OR (ROV OR ROVs) AND fish OR fishes)”] Articles that (i) did not use a video-based approach, and (ii) did not survey fish assemblages, were excluded from this review. The publications from this search provided information on the general trends in ROV survey application and comparisons of ROV surveys with other deep-water survey methodology. As surveys were often conducted over several years, publication years were used to analyze trends. Furthermore, publication years may also better reflect trends in the types of sampling metrics and analyses used for archived video footage from unstandardized industrial ROV surveys on oil and gas structures. ROV system costs were determined by the prices listed online by commercial retailers and inferred for specially-built models owned by research institutions.
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FIGURE 1. The sampling parameters identified for visual-based ROV surveys of fish assemblages.



RESULTS

Types of Remotely Operated Vehicles

Remotely Operated Vehicle (ROV) surveys use an unmanned underwater submersible that transmits real-time video observations and environmental readings (e.g., depth, compass heading) via an umbilical tether to the operator at the surface. ROVs are available in a range of systems from smaller observation-class ROVs (~3–20 kg for mini and ~30–120 kg for regular-sized models) to larger working-class systems (100–1500 kg for light and up to 5,000 kg for heavy-duty models), which vary in power, depth rating, accessibility, and additional payload capabilities (Baker et al., 2012; Romano et al., 2017; Huvenne et al., 2018) (Table 1). Since the first publication in 1996, ROV systems are becoming increasingly used as a deep-water survey method (Figure 2). High-definition video cameras carried as extra payload provide researchers with permanent records of biota and their habitat associations (Macreadie et al., 2018). While some studies used photography to makes these assessments, these studies were typically focused on mega-benthic taxa (Salvati et al., 2010; Thresher et al., 2014; Lacharité et al., 2015; Cánovas-Molina et al., 2016), and may not be ideal for moving targets such as fish.


Table 1. General differences in capabilities between observation-class and working-class ROV systems, with “–” signifying qualities that are less/fewer than and “+” signifying qualities that are more/greater than.
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FIGURE 2. Temporal trends in ROV publications using observation-class (Mini: White; Regular-sized: Light Gray), and working-class (Light: Dark Blue; Heavy: Light Blue) ROV systems to visually assess fish assemblages.



With advances in technology, a wider range of ROV models are becoming available, including many low-cost models (Figure 3), allowing researchers greater access to deep-water environments. New gear developments have also led to the creation of hybrid ROV designs capable of autonomous deployments without an external energy source (Huvenne et al., 2018). For example, the Boxfish ROV (https://www.boxfish-research.com/) or BlueROV2 (https://www.bluerobotics.com) uses battery packs that last between 3 and 6 h that can be periodically exchanged for charged batteries on-board the vessel. As the umbilical tether no longer supplies power to the ROV system, the tether thickness is reduced, improving ROV maneuverability. Open source files on the construction of ROVs from low-cost materials have further increased the accessibility of these systems to researchers and to the public, such as the OpenROV initiative (https://www.openrov.com) (Jessup, 2014).
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FIGURE 3. Temporal trends in the approximate cost of ROV's that have been used in studies to visually assess fish assemblages, with $, Tens of thousands; $$, hundreds of thousands; and $$$, millions of Australian dollars.



Depths/Locations Surveyed

High maneuverability and deep-water capabilities allow ROVs to make fine-scale assessments of fish assemblages over a wide range of habitats (high relief, ledges, crevices) and depth distributions that may not be suitable for other methods. For example, on highly complex substrates in the Caribbean, Quattrini et al. (2017) determined that 42% of fish species were found at greater depths than previously recorded. The specific depth capabilities of each ROV system varies, with smaller observation-class models typically surveying shallower waters than working-class models (Table 2; Figure 4). ROV surveys have been conducted off the coast of all continents, with the vast majority of studies having been undertaken off the coast of the United States and Europe (Figure 5). While many studies have taken place in the Mediterranean Sea, the Gulf of Mexico and the north-east and north-west Atlantic Ocean, few studies have been done in the southern hemisphere and Asia (Figure 5).


Table 2. The shallowest, deepest, and average maximum depth (m) achieved by different classes of ROV systems to visually survey fish assemblages.
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FIGURE 4. Temporal trends in the average maximum depth (m) surveyed using mini-sized observation-class (white), regular-sized observation-class (Light Gray), light working-class (Dark Blue), and heavy working-Class (Light Blue) ROV systems.
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FIGURE 5. The location of studies using ROV surveys to visually assess fish assemblages identified using the keywords “remotely operated vehicle*,” “ROV or ROV's,” and “fish or fishes” in the search engines Scopus™ and Google Scholar™.



ROV-Based Surveys

The extensive range of motion capable by ROVs provides new possibilities in surveying methodology not capable by other deep-water (>30 m) or video-based survey techniques. ROV-based sampling strategies often reflected the aims of the study, which could be classified into six major types, (1) surveys in natural habitats, (2) surveys on artificial structures, (3) surveys in marine protected areas (MPAs), (4) opportunistic/exploratory surveys without the use of transects, (5) studies that evaluate the effectiveness of ROVs, and (6) studies that compare ROVs with other survey methods. While ROV surveys have primarily used horizontal strip transects, similar to SCUBA-based underwater visual counts (UVCs), or unstandardized transects (Figure 6), alternative sampling strategies and transect designs (i.e., cloverleaf, radial, and polygonal patterns) are achievable (Table 3; Figure 7).
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FIGURE 6. The percentage of studies using horizontal transects (standardized strip/line transects), exploratory transects (unstandardized transects used to make initial baseline inventories of species and community structure), swath transects (strip transects connected to form a grid-like pattern), vertical transects (mobile point count, continuous roving transect, depth-interval transect, vertical strip transect), radial transects (strip transects radiating from a central point), and timed transects (rapid visual count, timed swim, timed stationary counts, and modified timed swim with timed stationary counts) in surveys in natural habitats (n = 62 studies), studies on artificial structures (n = 19 studies), surveys in marine protected areas (n = 5 studies), exploratory surveys (n = 15 studies), surveys evaluating the effectiveness of ROV -based san1pling strategies (n = 7 studies), and surveys comparing ROVs against other surveying methods (n = 15 studies).




Table 3. Transect designs used in ROV studies to visually survey fish assemblages.
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FIGURE 7. Different transect designs available for visual surveys of fish assemblages using ROVs.



Metrics Scored From ROV Imagery

Although an extensive array of sampling metrics has been used to analyze ROV surveys, total abundance, diversity, body length estimates, and natural behaviors were consistently used between different study types (Figure 8A). While surveys in natural habitats have used each type of sampling metric to annotate the video footage, surveys in marine protected areas have only used total abundance, diversity, body lengths, and natural behaviors of fish communities (Figure 8B). Total abundance, the total number of individuals recorded throughout the transect, was the most frequently used metric (Figure 8B; 86% of studies), and was often converted into catch-per-unit-effort (Amend et al., 2001) or catch-per-unit-time (Söffker et al., 2011; Bryan et al., 2013) to facilitate comparisons across locations and between different survey methods (Adams et al., 1995; Pita et al., 2014). As total abundance assumes sampling independence of individuals, fish that can swim faster than the ROV or are attracted to the ROV system itself may result in recounts that could potentially inflate population estimates. Alternative abundance metrics, such as relative abundance (MaxN)—the maximum number of individuals in a deployment (Ajemian et al., 2015a,b; McLean et al., 2018), and weighted encounters—where scores are assigned based on the order or frequency that species are seen on transect (Moser et al., 1998; Pradella et al., 2014), were used to mitigate the effect of individual recounts. This metric was most often used on artificial structures (33% of studies), where multidirectional movement along the structure often resulted in fish overtaking the ROV. Percent cover was the least used sampling metric, accounting for one publication that assessed the distribution of juvenile silver hake (Auster et al., 1997).
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FIGURE 8. The percentage of studies using each sampling metric for fish population assessments in natural habitats (n = 62 publications), for population assessments on artificial structures (n = 19 publications), for studies in marine protected areas (MPAs) (n = 5 publications), for exploratory studies without the use of standardized transects (n = 15 publications), for studies evaluating the effectiveness of ROV methodology (n = 7 publications), and for studies comparing ROVs against other surveying methodology (n = 15 publications) (A), and the percentage of studies using each sampling metric to annotate video footage in surveys (n = 119 publications) (B).



Diversity indices were also commonly used for ROV surveys (Figure 8B, 45% of studies), where they have been used to describe the total number of species recorded per deployment, species richness (S) (Carpenter and Shull, 2011; Consoli et al., 2016), and the evenness of each species within the community, Pielou's evenness (J'), Shannon's diversity index (H'), and Simpsons diversity index (Johnson et al., 2003; Harter et al., 2009; Ajemian et al., 2015a; Quattrini et al., 2017). Percent occurrence—the sum of transects in which a species was observed, was also used as a measure of diversity across years with different sample sizes (Auster et al., 1997; Pacunski et al., 2013). Presence/absence (Figures 8A,B) has also been used as a versatile metric for ROV-based studies with unbalanced survey designs (Duffy et al., 2014), where they are effective for inferring distribution ranges and the catchability of species to different survey methods (Karpov et al., 2004).

As a video-based method, ROVs can obtain accurate body length measurements of fish, without the destructiveness of traditional methods, such as trawling or hook, and line. These body length measurements can be used to assess trophic structure (Auster et al., 2003; Dance et al., 2011), which is valuable for evaluating the condition of ecosystems and for making comparisons between marine reserves and adjacent habitats. Both calibrated stereo-video and scaling lasers have been used to estimate the fish length. A study by Dunlop et al. (2015) found that while stereo-video was less influenced by the orientation and height of the organism recorded, it took considerably longer than lasers to analyze. Length estimates have also been used to standardize sampling area by limiting population counts to a certain transect width and distance in front of the camera's field-of-view (FOV), while maintaining a constant height above the seafloor (Mapula et al., 2016). Current strength and other weather conditions, however, may interfere with the ROV's ability to maintain a constant position in the water column, leading to inconsistent sampling areas (Mapula et al., 2016). Furthermore, studies in turbid waters and studies that survey small-bodied or cryptic species may require the ROV to be flown closer to the seafloor, decreasing the FOV. Variations in applications have thus led to differences in the height above the seafloor (0.2–3.0 m), the transect width (0.35–6.0 m) and distance recorded in front of the camera (0.5–4.0 m), which may limit comparisons between surveys and locations. Larger, working-class vehicles typically also recorded larger FOVs than with observation-class systems (Trenkel et al., 2004a,b; Trenkel and Lorance, 2011; Baker et al., 2012).

Although initially used for determining substrate composition in deep-water biological assessments as a replacement for manned submersibles (Koenig et al., 2005), advancements in video quality and in ROV technology have allowed ROVs to become a more practical and affordable method for providing assessments for a wide variety of flora and fauna, including elasmobranchs (Benz et al., 2007; Henry et al., 2016), teleost fish (Carpenter and Shull, 2011; Haggarty et al., 2016), cephalopods (Smale et al., 2001; Zeidberg and Robison, 2007), gastropods (Butler et al., 2006; Stierhoff et al., 2012), macro-algae (Spalding et al., 2003), corals (Doughty et al., 2014; Etnoyer et al., 2018) and other macroinvertebrates (Grinyó et al., 2016; Hemery and Henkel, 2016). While ROVs can provide in situ observations of fish, their behaviors and habitat-associations that cannot be determined with traditional methods (i.e., trawls, longline) (Adams et al., 1995; Karpov et al., 2004; Linley et al., 2013), ROV-based sampling strategies must account for the unique challenges of surveying mobile organisms that are not applicable in surveys of sessile invertebrates and substrate.

Behaviors naturally exhibited by fish (Figures 8A,B), such as swimming, feeding, and resting (Baker et al., 2012), may allow for a better understanding of small-scale influences on fish distribution (Lorance and Trenkel, 2006) and indicate behaviors that may result in over-counting (Ajemian et al., 2015a). Behavioral reactions of fish to ROVs have been frequently documented (Figures 8A,B), and are important for establishing baseline information for species and locations, evaluating the reliability of data generated for this method, and for making comparisons against other survey methods. Baker et al. (2012) used a basic scale of attraction, avoidance and no reaction, whereas Adams et al. (1995) used a scale that differentiated between weak and strong responses of attraction and repulsion. The type and severity of the reaction to the ROV can be influenced by a variety of factors, including the species, trophic position, and the body size and position of the individual relative to the seafloor as well as to different aspects of the ROV system (i.e., artificial lighting, thruster noise, speed) (Smale et al., 2001; Lorance and Trenkel, 2006; Stoner et al., 2008; Yamamoto et al., 2009; Söffker et al., 2011; Mapula et al., 2016). For example, Laidig et al. (2012) found that more fish reacted to the regular-sized observation-class ROV (57%) than to a larger, manned submersible (11%). The fish that did react to ROV presence were typically smaller-bodied individuals, individuals >1 m above the seafloor and species that aggregate (Laidig et al., 2012). Intuitively, ROVs traveling at greater speeds may increase the frequency and severity of reactions displayed and decrease the probability that cryptic individuals will be detected (Pacunski et al., 2008). However, this review was unable to locate any studies that specifically investigated the effects of different speeds on behavior. Furthermore, while most studies attempted to maintain a relatively constant speed (Meirelles et al., 2015), the actual speed traveled was only calculated for 26% of studies. Speeds reported varied between studies (0.1–1.0 m/s) and within each study (Quattrini et al., 2017), often as a result of current and drag. Standardizing deployment speed, however, is logistically difficult, but may ultimately become more achievable with advancements in thruster technology.

Artificial lighting is another important factor known to influence organism behavior (Smale et al., 2001), but is a critical component of night-time sampling, for surveys beyond the photic zone and in areas of high turbidity, and for improving the detection of small-bodied or cryptic species, such as flatfish (Norcross and Mueter, 1999; Pacunski et al., 2013). In an ROV experiment comparing the behavior of sablefish (Anoplopoma fimbria) to different lighting conditions around a bait source, Widder et al. (2005) found that more fish avoided white light than red light. While the majority of ROV studies (~67%), did not indicate whether lights were used, the depth surveyed by many of these studies suggests that most would have used some form of artificial lighting. The type and intensity of lighting used for ROV surveys, however, were either unspecified (~16% of studies) or varied considerably. Even though the distribution of many species (e.g., Sebastes spp) are influenced by the time of day (Hart et al., 2010), few studies (~2%) used nocturnal sampling. Timed metrics, such as time at first sighting—the time when a species was first seen (Norcross and Mueter, 1999; Ajemian et al., 2015b; Smith and Lindholm, 2016), and the duration of encounter (Laurenson et al., 2004; Luck and Pietsch, 2008; Trenkel and Lorance, 2011; Mundy et al., 2018), were infrequently used for ROV studies of fish (Figures 8A,B; n = 8 studies), but are likely a reflection of species-specific behaviors. Timed metrics have been used primarily in exploratory surveys for obtaining baseline information on species (Luck and Pietsch, 2008; Mundy et al., 2018) and in studies evaluating ROVs (Figure 8A), where the distance traveled on deployment before first sighting may indicate the sampling power required to survey different species (Cappo et al., 2007).

DISCUSSION

Use in Natural Habitats

Biological assessments provide crucial information on population dynamics and species-habitat associations necessary for monitoring and conservation. These assessments must employ sampling strategies that are able to survey fish effectively and representatively over major habitat features across large distances (Trenkel et al., 2004a). Bathymetric maps created by multibeam echosounder (MBES) can be used to locate and stratify sampling over ecologically important habitat structures, such as reefs or other areas of high relief (Jones et al., 2012; Linley et al., 2013). Ultra-short baseline (USBL) or long baseline (LBL) transponders can then be used to track and record the precise deployment path taken over multibeam-derived features (Stierhoff et al., 2013). This allows for accurate estimations of transect length and for the specific location of individual sightings to be determined for a better understanding of microhabitat features (Ajemian et al., 2015b).

Horizontal strip transects are a straight-forward and well-established surveying strategy for providing standardized assessments of fish assemblages (Johnson et al., 2003) that are accessible to most ROV systems. Strip transects that are placed parallel to the coastline or isobath allow for greater replication within depth bands, while strip transects placed perpendicular to the coastline or isobath with deployments moving shallower increase the amount of time the seafloor is in view, but may decrease the length of transects on steep topography (Pacunski et al., 2008). Deployments in high wind conditions and current, however, may be limited to traveling down-current from the starting location.

The length of the umbilical tether and the current-induced drag on the tether cord (Ajemian et al., 2015b) can influence the distance the ROV can travel from the operating vessel. A “live-boat” technique, in which a clump weight is attached to the umbilical tether a short distance above the seafloor (Amend et al., 2001; Bryan et al., 2013; Haggarty et al., 2016), can be used to maintain the ROV at depth (Yamamoto et al., 2009) while allowing the unanchored vessel to move freely with the ROV during deployment (Pacunski et al., 2008). For locations that require additional stabilization from the current, particularly for systems with shorter tethers, and are at depth shallow enough to anchor the vessel, clump weights can be used to secure the umbilical tether to the seafloor, where it acts as a central starting point for radial transects. Radial transects, however, can be time-consuming and is not practical for studies using long transect lengths (>100 m) (Pacunski et al., 2008). Although timed swims are an efficient approach, inconsistent sampling effort between surveys and locations indicate that this method should be used sparingly when the survey area cannot be determined or for validating transect lengths generated by the USBL tracking system.

Use on Artificial Structures

Artificial structures, such as decommissioned oil and gas platforms (Adams et al., 1995; Andaloro et al., 2013) and artificial reefs (Patterson III et al., 2009; Dance et al., 2011) provide substrate for coral reef and sessile invertebrates to attach, creating the habitat complexity necessary for marine communities to prosper. Working-class ROVs have been a long-established tool for inspecting and maintaining underwater pipelines, promoting advancements in these systems as well as the opportunity for researchers to work alongside these companies to collect data on marine communities (Gates et al., 2017). Archived video footage of underwater pipelines can be analyzed into short strip transects to provide fine-scale population assessments of fish biodiversity (McLean et al., 2017). Swath transects can be used to survey fish nearby and over low-relief artificial substrate, such as sunken vessels (Ross et al., 2016), whereas radial transects are effective for assessing the influence of high-relief artificial structures on nearby biological communities (Taylor et al., 2014).

As many artificial structures have complex features and areas of high relief, alternative sampling strategies that incorporate vertical movement while minimizing the possibility of tether entanglement need to be considered. Bryan et al. (2013) used a modified timed swim along the hull of the vessels with a series of timed stationary counts to aid in identifying small-bodied and cryptic species, standardized to within 3 m of the reef. On larger artificial reefs, Ajemian et al. (2015b), compared continuous roving transects, a UVC-based approach whereby the ROV follows horizontal transects at the bottom and top of the reef, with depth-interval transects, a modified type of mobile point count that replaces 360-degree spins with stationary timed counts at pre-set depth intervals to avoid tether entanglement. This study found that continuous roving transects were more effective at surveying fish with patchy distributions, including several rare species, whereas depth-interval transects were more effective at recording overall fish community composition, were able to estimate fish densities at distinct depth strata and reduced time spent processing video footage. As sampling independence of individuals would be difficult to ensure for many of these approaches, relative abundance would be a more appropriate sampling metric than total abundance for surveys on artificial structures.

Use in Marine Protected Areas

Marine protected areas (MPAs) are a widely recognized tool for conservation that have been shown to increase the overall density and biomass of organisms within the MPA and the surrounding ecosystem (Barrett et al., 2007; Haggarty et al., 2016). Exploratory transects are beneficial for characterizing the types and quantities of different habitats and obtaining baseline information on community structure and species distributions to inform proposed MPA designs (Quattrini and Ross, 2006) and to concentrate future sampling efforts (Butler et al., 2006). In studies investigating MPA effects, sites within each reserve (impact) are compared with fished location(s) outside of the reserve that have similar depths and habitat profiles (control) (Karpov et al., 2012). While studies that employ a greater number of control sites are less likely to be influenced by site-specific differences in community, sites nearer to the MPA are more likely to be influenced by spill-over effects (Karpov et al., 2012). Collecting data before and after the establishment of a MPA, as part of a before-after-control-impact (BACI) approach, would account for the natural differences between MPAs and controlled sites, which may more accurately reflect the influence of disturbance events, such as trawling (Lindholm et al., 2015). Since the first publication in 2003, five studies have examined the influence of MPAs on fish communities using ROVs (Auster et al., 2003, 2016; Harter et al., 2009; Karpov et al., 2012), with only one employing a BACI sampling design (Haggarty et al., 2016).

Optimal sampling designs must consider the trade-off between transect lengths that are able to detect target species significant quantities and the number of replicates that are required to detect population change within and outside of the MPA. Studies using observation-class ROVs would more effectively survey an area using a greater number of replicate transects, whereas working-class systems can employ large swaths (>500 m segments) to survey marine protected areas (Karpov et al., 2012; Lauermann, 2014). Given the few sampling strategies identified, research into alternative sampling designs may provide better insight into strategies that can more effectively detect differences in biological communities between protected and fished sites. However, as gear-selective biases can influence the types and quality of data that are obtained by different survey techniques, one approach should be employed throughout the duration of a BACI study.

Exploratory Surveys

Exploratory studies are important for collecting baseline information in locations with little a priori knowledge, in order to obtain a general understanding of species distributions necessary to inform future research directives (Hall-Spencer et al., 2002). These studies generally maintain a relatively straight-line trajectory but may deviate from the intended route to investigate specific habitat features (Thresher et al., 2014). For rarely documented deep-water species, such as sleeper sharks (Benz et al., 2007) and angler fish (Ho and McGrouther, 2015), as well as unique deep-water communities, such as at whale falls (Lundsten et al., 2010; Higgs et al., 2014), collecting information on morphological characteristics and behaviors is crucial for understanding the ecology of organisms in these environments. However, as the FOV is unstandardized, absolute abundances cannot be estimated (Stein et al., 2005; Caldwell et al., 2016). As a result, exploratory studies tend to collect qualitative rather than quantitative data (Söffker et al., 2011), which may hamper comparisons between locations and studies.

Method Evaluation Studies

Evaluating the effectiveness of ROVs and ROV-based sampling designs for surveying biological assemblages is essential toward understanding the capabilities of this method. Trenkel et al. (2004a) determined that spatial dispersion of individuals had the greatest effect on between-species variation, with aggregating species more susceptible to ROVs than those that were randomly or uniformly distributed. Optimal sampling units (i.e., transect lengths and number of replicates) are dependent on species distributions within the study location, with longer transects increasing the probability of detecting rare and cryptic species and species with patchy distributions (Norcross and Mueter, 1999; Karpov et al., 2004, 2010; Pacunski et al., 2013), but decreasing the overall number of replicates used, due to time constraints (Trenkel et al., 2004b). Furthermore, the number of species accumulated with increasing transect length will eventually plateau, decreasing overall sampling efficiency. Karpov et al. (2010) used a power analysis to assess the relationship between rockfish density and variance on strip transects of different sizes (50, 100, 200, 400, and 800 m2) to determine the optimal sampling unit for surveying rockfish off the west coast of the United States. This study evaluated a few sampling strategies, including randomly allocating transects of different lengths across depth and relief strata, and by using long 800 m2 transects broken up into different-sized transect segments that were either systematically placed parallel to the shoreline or randomly placed within 500 m2 wide rectangular areas (Karpov et al., 2010). Adams et al. (1995) defined statistical power as the sampling size required to detect a 50% reduction in the transformed mean abundance at a power of 0.8 and an α of 0.05. Karpov et al. (2004), on the other hand, argued that sample sizes that can detect 1.5 times less than the sample mean may be more practical for detecting depleted species and species that typically undergo large-scale population changes. Furthermore, this study suggested that only species with abundances that can be detected within 3 times the sample mean can be reliably monitored by ROVs (Karpov et al., 2004). The lengths of transects used in ROV surveys of fish, however, varied considerably between studies (0.05–20 km) and even within individual studies (Du Preez and Tunnicliffe, 2011; Baker et al., 2012; Duffy et al., 2014). While numerous approaches have been used to increase the sampling efficiency of ROV surveys, including towing the ROVs behind vessels (Pierdomenico et al., 2016) or tethering the ROVs to camera sleds (Quattrini et al., 2017), these approaches increase deployment speed at the expense of maneuverability (Mortensen et al., 2008). Sophisticated working-class systems that can maintain a precise deployment path, on the other hand, can reduce time spent deploying and retrieving the ROV for each transect by either dividing long strip transects (>500 m) into separate replicates (Karpov et al., 2010) or by connecting strip transects in a continuous grid-like pattern to form a swath transect.

Investigating how different aspects of the ROV apparatus (i.e., lights, thruster speed, size) affect fish behavior may give insight into species-specific differences in gear-selectivity and allow for specific aspects that minimize behavioral bias to be identified. Spanier et al. (1994) used laboratory and field experiments to investigate how different components of the ROV system influence the boldness and feeding behaviors of American lobsters (H. americanus). In laboratory experiments, tanks that had ROVs (treatment) were compared with tanks that did not have ROVs (control). Alternatively, field experiments compared ROVs that had lights, thruster speed set to 50% and a camera flashing every 15 min or whenever the lobster appeared out of its den (treatment) with ROVs that had the lights, thrusters and camera flash turned off (control) (Spanier et al., 1994). This study provided the first scientific evidence of behavioral bias toward ROVs but was unable to identify specific variables that contributed toward changes in lobster behavior as the different components were not individually tested. While Trenkel et al. (2004b) did assess the attraction and repulsion of fish to different intensities of light (1,200 and 2,700 W) and survey speeds (0.25 m/s and 0.5 m/s) of an ROV, this study was unable to generate quantitative estimates of fish abundance.

Method Comparison Studies

Method comparison studies allow researchers to assess the capabilities of each method for surveying fish in different habitats while under the same environmental conditions within the study location as well as the species-specific behaviors and reactions to each survey method that leads to differences in the strengths, limitations, and biases of these methods (Table 4). As a result, comparison studies in different locations or survey different biota may lead to variations in performance. Study designs for method comparison studies must take into consideration the types of sampling metrics used to annotate the imagery. For instance, true abundance estimates obtained by ROV cannot be used to make reliable comparisons to relative abundance estimates collected by stationary methods, such as baited remote underwater video systems (BRUVS). However, studies using these two methods may be able to provide comparisons of community structure and the efficiency and cost of each method. The specific capabilities of ROVs in comparison to other survey methodology should, therefore, be considered when developing appropriate experimental designs (Table 4).


Table 4. Differences in method application and the advantages and disadvantages of each method when compared with ROVs.
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ROV surveys provide direct and non-destructive observations of habitat associations and behaviors not attainable by fisheries-dependent methods, such as longline and bottom trawling (Busby et al., 2005; Bicknell et al., 2016; Consoli et al., 2016; Mapula et al., 2016). Trawls and ROV surveys operate at much different scales, with ROVs intensively sampling a narrow area directly in front and extending up a short height off the bottom, and trawls sampling a much wider area, including a larger area off the bottom, but with greater number of escaped fish (Adams et al., 1995). Consequently, trawls are able to cover large enough areas to compensate for local variability, whereas ROVs must select sampling designs that either employ long strip transect lines or have enough replication selectively placed over targeted habitat features in order to account for patchy distributions (Norcross and Mueter, 1999). The mechanical nature of the sampling gear has resulted in major differences in the type of fish assemblages captured by each method. The catch-per-unit-effort was often higher for ROVs (Norcross and Mueter, 1999) and with lower coefficients of variation than fish obtained by trawls (Adams et al., 1995). While small, benthic, cylindrically-shaped fishes were more susceptible to ROVs (Adams et al., 1995), juveniles under 100 mm (Norcross and Mueter, 1999) and species with larger bodies that were further from the seafloor were more susceptible to trawling (Trenkel et al., 2004a). Overall, ROV surveys are better-suited to environmental assessments as higher abundances allowed for smaller population changes to be detected (Adams et al., 1995). In a study comparing the ability of bottom trawls, a stereo-drop camera system (SDC) and ROVs to discriminate between rockfish species, bottom trawl was the most effective, while SDC was the least effective (Rooper et al., 2012). Bottom trawl and SDC, on the other hand, were able to record a larger number of fish measurements. A study by Karpov et al. (2004) comparing hook-and-trap and ROV methods determined that ROVs were more efficient than the hook-and-trap approach, but took considerably longer in post-processing. Furthermore, as hook-and-trap attracts fish from larger areas, rockfish abundances can be overinflated, making these methods less sensitive to actual stock declines (Karpov et al., 2004).

ROVs are able to survey an extensive range of habitats, including deep-water (>40 m) and hazardous environments, that are not attainable by UVCs (Busby et al., 2005; Boavida et al., 2015). As a SCUBA-diver based method, UVCs requires training and are limited by the time and the depth divers can spend underwater as well as by the diver's ability to quickly and accurately identify and count fish assemblages (White et al., 2013), which can lead to inconsistent results between divers. While differences between annotators may also lead to discrepancies when processing ROV data, video footage can be reviewed indefinitely with the help of experts if necessary. UVCs were found to be more effective than ROVs at obtaining reliable representations of fish communities at shallow depths (0–6 m and 12–18 m), particularly for crypto-benthic and nekton-benthic species (Andaloro et al., 2013). While Carpenter and Shull (2011) found similar results in a study comparing ROVs with paired-diver surveys of rockfish, the depth that fish densities were highest were below those attainable by conventional SCUBA-diver equipment. Therefore, despite differences in performance, ROVs are still able to access deeper depths not available to UVCs, making it a more robust biological survey tool (Andaloro et al., 2013).

UTVs and BRUVS are well-established methods of obtaining non-destructive assessments of fish communities (Karpov et al., 2004; Trenkel et al., 2004a). UTVs provide rapid assessments of biodiversity over large distances (Assis et al., 2007), whereas the multidirectional thruster-power capabilities of ROV systems allow for greater maneuverability around complex and high relief environments, such as rocky reefs, resulting in more detailed observations of biodiversity and improving the detection of cryptic and rare species (Consoli et al., 2016). BRUVS, on the other hand, have been demonstrated as an effective monitoring tool for monitoring carnivorous, omnivorous, and herbivorous fishes throughout Australia (Harvey et al., 2007; Watson et al., 2010; Caldwell et al., 2016). BRUVS use bait to attract fish in large abundances to the sampling area, avoiding many of the problems associated with zero-inflated datasets and increasing the statistical power to detect change (Cappo et al., 2003; Watson et al., 2005; Malcolm et al., 2011; Dorman et al., 2012). However, individuals attracted to the bait from the surrounding environment may bias habitat associations toward the site being surveyed. Given that BRUVS are unable to be deployed over highly complex environments, species associations may be further skewed toward more accessible habitat types. Additionally, bait plume variability can also influence the sampling area of attraction, making standardizing survey effort logistically difficult (Heagney et al., 2007; Wraith et al., 2013). While ROVs can survey a larger area over a greater range of habitats, BRUVS often record greater species densities in the smaller area sampled.

Few studies have compared ROV with Autonomous underwater vehicles (AUVs) and manned submersibles, despite employing similar methodology. In a study comparing the abundances and lengths of fish collected by ROV and manned submersible surveys across different habitats and depths in California, manned submersibles were able to record a greater number of species, body length estimates, and abundances of species that were found closer to the seafloor (Laidig and Yoklavich, 2016). While the number of studies comparing these methods are limited, ROVs are a more practical and inexpensive tool for monitoring (Koenig et al., 2005), and possess greater maneuverability than AUVs and manned submersibles.

CONCLUSION

The use of ROVs as a non-destructive method for visually surveying fish assemblages is a rapidly growing field with over 100 publications since 1995, and 65% of these studies coming from the last decade. Evaluation of the ROV as a survey method has been undertaken, with several publications finding that ROV-based surveys are comparable to more established survey techniques such as BRUVS or UVC. In the age of globally standardized datasets, this review identified the need for standardization of sampling protocols for ROV-based surveys. While some consistency was identified, with (for example) the majority of studies using heavy working-class ROVs, it is clear that not all researchers have access to these expensive units. Recent technological advancements, however, are improving the performance and practicality of observation-class ROVs, with some models meeting or surpassing the performance of larger-sized models (Pacunski et al., 2008). Optimal transect design need to be selected with consideration of species-specific distributions and characteristics, with patchily distributed or rare/low abundance species requiring either long transect lengths or greater numbers of replicate transects (Trenkel et al., 2004b; Perkins et al., 2016), noting the latter provides greater statistical power. Finite structures, such as artificial reefs, sunken vessels and oil pipelines, require transect designs that sample fish more intensively within a smaller area. While we have identified a number of commonalities between studies, transect design often appeared to be arbitrarily chosen, with transect type and length, in particular, varying considerably between studies. We suggest further research is required to better guide researchers in how to select the most appropriate transect design for their particular study. For example, one benefit that is almost never applied when using ROVs is the ability to alter transect designs as required. Meaning, for example, strip transects could be altered to include multiple timed stationary counts at specific features of interest should they occur (such as caves). It should be noted that strict protocols need to be implemented around such a sampling strategy to reduce operator bias.

We identified nine different metrics that were extracted from imagery. Clearly, the suitability of some metrics is likely to change depending on the focus of the study (e.g., high relief artificial structures), with species-specific mobility and reaction to the ROV system (i.e., attraction and repulsion) influencing the catchability of individuals as well as the potential that individuals will be recounted during surveys. For highly mobile species and in survey designs where individuals are likely to be recounted (e.g., vertical transects on oil and gas pipelines), relative abundance (MaxN) may be a more robust sampling metric. However, the inherent variation in metrics between studies will restrict or preclude the ability of the datasets being combined in the future to look a larger-scale patterns (noting that video imagery can be reanalyzed if required). Given the extensive range of lights, thrusters, speeds, and ROV sizes available, investigation into behavioral reactions may provide further insight into each of these different aspects, which could then be used toward standardizing more effective survey strategies.

The choice of ROV system appears to be a strong indicator of both the types of surveys available to studies and the success of ROV deployments (Table 5). For instance, larger, more powerful working-class systems are able to complete longer and more complex designs (e.g., swath, cloverleaf, and polygonal transects) at greater depths while maintaining a more standardized deployment route (Norcross and Mueter, 1999), but are more expensive and difficult to deploy. Studies on highly mobile species should also be cognizant of the distance between study sites and the distance between adjacent sections of complex, multi-directional transect designs. Observation-class systems, on the other hand, are typically flown down-current on strip transects and are more susceptible to delays or cancelations of deployments, with some researchers having to modify their intended sampling strategies (Ruhl et al., 2003; Trenkel et al., 2004b; Bryan et al., 2013; Ajemian et al., 2015b; Rosa et al., 2015). Radial transects, or strip transects that employ live-boating or a weight that anchors the tether to the seafloor, can be used to improve the performance of observation-class systems under severe current and swell conditions. As observation-class systems often employ shorter tethers (< 150 m for mini-sized and < 300 m for regular-sized models), radial transects may be used to maximize sampling area at deeper depths and on large vessels that may rotate substantially while anchored. Further research is clearly needed to provide researchers with the guidance needed to strategically choose between transect designs and lengths as well as the type of metrics that should be annotated from imagery. This will ultimately lead to a more rigorous understanding of ROVs to visually survey the distribution and abundance of deep-water marine fish.


Table 5. Surveying strategies recommended for each ROV class in different types of studies and environmental conditions.

[image: image]



AUTHOR CONTRIBUTIONS

DS has provided much of the research and writing into this review. NB and JM provided edits, their expertise, and suggestions for publications to be included.

ACKNOWLEDGMENTS

This work was undertaken for the Marine Biodiversity Hub, a collaborative partnership supported through funding from the Australian Government's National Environmental Science Programme. NESP Marine Biodiversity Hub partners include the Institute for Marine and Antarctic Studies, University of Tasmania; CSIRO, Geoscience Australia, Australian Institute of Marine Science, Museum Victoria, Charles Darwin University, University of Western Australia, NSW Office of Environment and Heritage, NSW Department of Primary Industries and the Integrated Marine Observing System. DS would like to thank the Oppermans for their encouragement and support of my higher degree education.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2019.00134/full#supplementary-material

REFERENCES

 Adams, P. B., Butler, J. L., Baxter, C. H., Laidig, T. E., Dahlin, K. A., and Wakefield, W. W. (1995). Population estimates of pacific coast groundfishes from video transects and swept-area trawls. Fish. Bull. 93, 446–455.

 Addison, P. F. E., Collins, D. J., Trebilco, R., Howe, S., Bax, N., Hedge, P., et al. (2018). A new wave of marine evidence-based management: emerging challenges and solutions to transform monitoring, evaluating, and reporting. ICES J. Mar. Sci. 75, 941–952. doi: 10.1093/icesjms/fsx216

 Ajemian, M. J., Wetz, J. J., Shipley-Lozano, B., Dale Shively, J., and Stunz, G. W. (2015a). An analysis of artificial reef fish community structure along the northwestern gulf of Mexico shelf: potential impacts of “rigs-to-reefs” programs. PLoS ONE 10:126354. doi: 10.1371/journal.pone.0126354

 Ajemian, M. J., Wetz, J. J., Shipley-Lozano, B., and Stunz, G. W. (2015b). Rapid assessment of fish communities on submerged oil and gas platform reefs using remotely operated vehicles. Fish. Res. 167, 143–155. doi: 10.1016/j.fishres.2015.02.011

 Amend, M., Fox, D., and Romsos, C. (2001). “2001 Nearshore Rocky Reef Assessment ROV Survey,” in Final Report for 2001 Grant Cooperative Agreement PS01053. (Oregon: Oregon Department of Fish and Wildlife, Marine Habitat Project, Marine Program).

 Andaloro, F., Ferraro, M., Mostarda, E., Romeo, T., and Consoli, P. (2013). Assessing the suitability of a remotely operated vehicle (ROV) to study the fish community associated with offshore gas platforms in the Ionian Sea: a comparative analysis with underwater visual censuses (UVCs). Helgol. Mar. Res. 67, 241–250. doi: 10.1007/s10152-012-0319-y

 Assis, J., Narváez, K., and Haroun, R. (2007). Underwater towed video: a useful tool to rapidly assess elasmobranch populations in large marine protected areas. J. Coast. Conserv. 11, 153–157. doi: 10.1007/s11852-008-0015-x

 Auster, P. J., Lindholm, J., and Valentine, P. C. (2003). Variation in habitat use by juvenile Acadian redfish, Sebastes fasciatus. Environ. Biol. Fishes 68, 381–389. doi: 10.1023/B:EBFI.0000005751.30906.d5

 Auster, P. J., Malatesta, R. J., and Donaldson, C. L. S. (1997). Distributional responses to small-scale habitat variability by early juvenile silver hake, Merluccius bilinearis. Environ. Biol. Fishes 50, 195–200. doi: 10.1023/A:1007305628035

 Auster, P. J., Sánchez-Jiménez, A., Rodríguez-Arrieta, J. A., Quesada, A. J., Pérez, C., Naranjo-Elizondo, B., et al. (2016). Facilitative behavioral interactions between deepwater piscivores at Isla del Coco National Park and Las Gemelas Seamount, Costa Rica. Rev. Biol. Trop. 64, S187–S196. doi: 10.15517/rbt.v64i1.23425

 Baker, K. D., Haedrich, R. L., Snelgrove, P. V. R., Wareham, V. E., Edinger, E. N., and Gilkinson, K. D. (2012). Small-scale patterns of deep-sea fish distributions and assemblages of the Grand Banks, Newfoundland continental slope. Deep Sea Res. Part I 65, 171–188. doi: 10.1016/j.dsr.2012.03.012

 Barrett, N. S., Edgar, G. J., Buxton, C. D., and Haddon, M. (2007). Changes in fish assemblages following 10 years of protection in Tasmanian marine protected areas. J. Exp. Mar. Biol. Ecol. 345, 141–157. doi: 10.1016/j.jembe.2007.02.007

 Benz, G. W., Hoffmayer, E. R., Driggers, W. B., Allen, D., Bishop, L. E., and Brown, D. A. (2007). First record of a sleeper shark in the western Gulf of Mexico and comments on taxonomic uncertainty within Somniosus (Somniosus). Bull. Mar. Sci. 80, 343–351.

 Bicknell, A. W. J., Godley, B. J., Sheehan, E. V., Votier, S. C., and Witt, M. J. (2016). Camera technology for monitoring marine biodiversity and human impact. Front. Ecol. Environ. 14, 424–432. doi: 10.1002/fee.1322

 Boavida, J., Assis, J., Reed, J., Serrão, E. A., and Gonçalves, J. M. S. (2015). Comparison of small remotely operated vehicles and diver-operated video of circalittoral benthos. Hydrobiologia 766, 247–260. doi: 10.1007/s10750-015-2459-y

 Brooks, E. J., Sloman, K. A., Sims, D. W., and Danylchuk, A. J. (2011). Validating the use of baited remote underwater video surveys for assessing the diversity, distribution and abundance of sharks in the Bahamas. Endanger. Species Res. 13, 231–243. doi: 10.3354/esr00331

 Bryan, D. R., Kilfoyle, K., Gilmore, R. G. Jr., and Spieler, R.E. (2013). Characterization of the mesophotic reef fish community in south Florida, USA. J. Appl. Ichthyol. 29, 108–117. doi: 10.1111/j.1439-0426.2012.02055.x

 Busby, M. S., Mier, K. L., and Brodeur, R. D. (2005). Habitat associations of demersal fishes and crabs in the Pribilof Islands region of the Bering Sea. Fish. Res. 75, 15–28. doi: 10.1016/j.fishres.2005.05.012

 Butler, J., Neuman, M., Pinkard, D., Kvitek, R., and Cochrane, G. (2006). The use of multibeam sonar mapping techniques to refine population estimates of the endangered white abalone (Haliotis sorenseni). Fishery Bull. 104, 521–532.

 Caldwell, Z. R., Zgliczynski, B. J., Williams, G. J., and Sandin, S. A. (2016). Reef fish survey techniques: assessing the potential for standardizing methodologies. PLoS ONE 11:e0153066. doi: 10.1371/journal.pone.0153066

 Cánovas-Molina, A., Montefalcone, M., Bavestrello, G., Cau, A., Bianchi, C. N., Morri, C., et al. (2016). A new ecological index for the status of mesophotic megabenthic assemblages in the mediterranean based on ROV photography and video footage. Cont. Shelf Res. 121, 13–20. doi: 10.1016/j.csr.2016.01.008

 Cappo, M., Harvey, E., Malcolm, H., and Speare, P. (2003). “Potential of video techniques to monitor diversity, abundance and size of fish in studies of marine protected areas,” in Aquatic Protected Areas - What Works Best and How Do We Know? World Congress on Aquatic Protected Areas, eds J. P. Beumer, A. Grant, and D. C. Smith (Cairns, QLD: Australian Society for Fish Biology), 455–464.

 Cappo, M., Harvey, E., and Shortis, M. (2007). “Counting and measuring fish with baited video techniques - an overview,” in Australian Society for Fish Biology Workshop Proceedings, eds J. M. Lyle, D. M. Furlani, and C. D. Buxton (Hobart, TAS), 101–114.

 Carpenter, B. M., and Shull, D. H. (2011). “A comparison of two methods, paired-diver surveys and remotely operated vehicle surveys, for determining rockfish abundance,” in Rockfish Technical Report, Task 5 (Whatcom County: NOAA).

 Consoli, P., Esposito, V., Battaglia, P., Altobelli, C., Perzia, P., Romeo, T., et al. (2016). Fish distribution and habitat complexity on banks of the Strait of Sicily (central Mediterranean Sea) from remotely-operated vehicle (ROV) exploration. PLoS ONE 11:e0167809. doi: 10.1371/journal.pone.0167809

 Dance, M. A., Patterson, W. F. III, and Addis, D. T. (2011). Fish community and trophic structure at artificial reef sites in the Northeastern Gulf of Mexico. Bull. Mar. Sci. 87, 301–324. doi: 10.5343/bms.2010.1040

 De Leo, F. C., Smith, C. R., Rowden, A. A., Bowden, D. A., and Clark, M. R. (2010). Submarine canyons: hotspots of benthic biomass and productivity in the deep sea. Proc. R. Soc. B Biol. Sci. 277, 2783–2792. doi: 10.1098/rspb.2010.0462

 D'Onghia, G., Maiorano, P., Carlucci, R., Capezzuto, F., Carluccio, A., Tursi, A., et al. (2012). Comparing deep-sea fish fauna between coral and non-coral “megahabitats” in the Santa Maria di Leuca cold-water coral province (Mediterranean Sea). PLoS ONE 7:e44509. doi: 10.1371/journal.pone.0044509

 Dorman, S. R., Harvey, E. S., and Newman, S. J. (2012). Bait effects in sampling coral reef fish asseblages with stereo-BRUVs. PLoS ONE 7:e41538. doi: 10.1371/journal.pone.0041538

 Doughty, C. L., Quattrini, A. M., and Cordes, E. E. (2014). Insights into the population dynamics of the deep-sea coral genus Paramuricea in the Gulf of Mexico. Deep Sea Res. Part II 99, 71–82. doi: 10.1016/j.dsr2.2013.05.023

 Du Preez, C., and Tunnicliffe, V. (2011). Shortspine thornyhead and rockfish (Scorpaenidae) distribution in response to substratum, biogenic structures and trawling. Mar. Ecol. Prog. Ser. 425, 217–231. doi: 10.3354/meps09005

 Duffy, G. A., Lundsten, L., Kuhnz, L. A., and Paull, C. K. (2014). A comparison of megafaunal communities in five submarine canyons off Southern California, USA. Deep Sea Res. Part II 104, 259–266. doi: 10.1016/j.dsr2.2013.06.002

 Dunlop, K. M., Kuhnz, L. A., Ruhl, H. A., Huffard, C. L., Caress, D. W., Henthorn, R. G., et al. (2015). Instruments and Methods: an evaluation of deep-sea benthic megafauna length measurements obtained with laser and stereo camera methods. Deep Sea Res. Part I 96, 38–48. doi: 10.1016/j.dsr.2014.11.003

 Espinoza, M., Cappo, M., Heupel, M. R., Tobin, A. J., and Simpfendorfer, C. A. (2014). Quantifying shark distribution patterns and species-habitat associations: implications of marine park zoning. PLoS ONE 9:e106885. doi: 10.1371/journal.pone.0106885

 Etnoyer, P. J., Wagner, D., Fowle, H. A., Poti, M., Kinlan, B., Georgian, S. E., et al. (2018). Models of habitat suitability, size, and age-class structure for the deep-sea black coral Leiopathes glaberrima in the Gulf of Mexico. Deep Sea Res. Part II. 150, 218–228. doi: 10.1016/j.dsr2.2017.10.008

 Gates, A. R., Benfield, M. C., Booth, D. J., Fowler, A. M., Skropeta, D., and Jones, D. O. B. (2017). Deep-sea observations at hydrocarbon drilling locations: contributions from the SERPENT Project after 120 field visits. Deep Sea Res. II 137, 463–479. doi: 10.1016/j.dsr2.2016.07.011

 Gregoire, T. G., and Valentine, H. T. (2007). Sampling Strategies for Natural Resources and the Environment. Boca Raton, FL: Taylor & Francis Group. doi: 10.1201/9780203498880

 Grinyó, J., Gori, A., Ambroso, S., Purroy, A., Calatayud, C., Dominguez-Carrió, C., et al. (2016). Diversity, distribution and population size structure of deep Mediterranean gorgonian assemblages (Menorca Channel, Western Mediterranean Sea). Prog. Oceanogr. 145, 42–56. doi: 10.1016/j.pocean.2016.05.001

 Haggarty, D. R., Shurin, J. B., and Yamanaka, K. L. (2016). Assessing population recovery inside british columbia's rockfish conservation areas with a remotely operated vehicle. Fish. Res. 183, 165–179. doi: 10.1016/j.fishres.2016.06.001

 Hall-Spencer, J., Allain, V., and Fossa, J. H. (2002). Trawling damage to Northeast Atlantic ancient coral reefs. Proc. R. Soc. B Biol. Sci. 269, 507–511. doi: 10.1098/rspb.2001.1910

 Hart, T. D., Clemons, J. E. R., Wakefield, W. W., and Heppell, S. S. (2010). Day and night abundance, distribution, and activity patterns of demersal fishes on Heceta Bank, Oregon. Fishery Bull. 108, 466–477.

 Harter, S. L., Ribera, M. M., Shepard, A. N., and Reed, J. K. (2009). Assessment of fish populations and habitat on Oculina bank, a deep-sea coral marine protected area off eastern Florida. Fishery Bull. 107, 195–206.

 Harvey, E. S., Cappo, M., Butler, J. J., Hall, N., and Kendrick, G. A. (2007). Bait attraction affects the performance of remote underwater video stations in assessment of demersal fish community structure. Mar. Ecol. Prog. Ser. 350, 245–254. doi: 10.3354/meps07192

 Heagney, E. C., Lynch, T. P., Babcock, R. C., and Suthers, I. M. (2007). Pelagic fish assemblages assessed using mid-water baited video: standardising fish counts using bait plume size. Mar. Ecol. Prog. Ser. 350, 255–266. doi: 10.3354/meps07193

 Hemery, L., and Henkel, S. (2016). Patterns of benthic mega-invertebrate habitat associations in the Pacific Northwest continental shelf waters: a reassessment. Biodiv. Conserv. 25, 1761–1772. doi: 10.1007/s10531-016-1158-y

 Henry, L. A., Stehmann, M. F., De Clippele, L., Findlay, H. S., Golding, N., and Roberts, J. M. (2016). Seamount egg-laying grounds of the deep-water skate Bathyraja richardsoni. J. Fish Biol. 89, 1473–1481. doi: 10.1111/jfb.13041

 Higgs, N. D., Gates, A. R., and Jones, D. O. (2014). Fish food in the deep sea: revisiting the role of large food-falls. PLoS ONE 9:96016. doi: 10.1371/journal.pone.0096016

 Ho, H. C., and McGrouther, M. (2015). A new anglerfish from eastern Australia and New Caledonia (Lophiiformes: Chaunacidae: Chaunacops), with new data and submersible observation of Chaunacops melanostomus. J. Fish Biol. 86, 940–951. doi: 10.1111/jfb.12607

 Huvenne, V. A. I., Robert, K., Marsh, L., Lo Iacono, C., Le Bas, T., and Wynn, R. B. (2018). “ROVs and AUVs,” in Submarine Geomorphology, ed A. Micallef (Southampton: Springer International Publishing AG), 93–108. doi: 10.1007/978-3-319-57852-1_7

 Jessup, M. E. (2014). “Mesophotic coral ecosystems: tools and techniques for scientific exploration,” in Diving for Science 2014: Proceedings of the American Academy of Underwater Sciences 33rd Scientific Symposium, eds G. L. Eckert, S. Keller and S. L. Tamone (Sitka, AK; Dauphin Island, AL: American Academy of Underwater Sciences).

 Johnson, S. W., Murphy, M. L., and Csepp, D. J. (2003). Distribution, habitat, and behavior of rockfishes, Sebastes spp., in nearshore waters of southeastern Alaska: observations from a remotely operated vehicle. Environ. Biol. Fishes 66, 259–270. doi: 10.1023/A:1023981908146

 Jones, D., Wigham, B., Hudson, I., and Bett, B. (2007). Anthropogenic disturbance of deep-sea megabenthic assemblages: a study with remotely operated vehicles in the Faroe-Shetland Channel, NE Atlantic. Mar. Biol. 151, 1731–1741. doi: 10.1007/s00227-007-0606-3

 Jones, D. T., Wilson, C. D., De Robertis, A., Rooper, C. N., Weber, T. C., and Butler, J. L. (2012). Evaluation of rockfish abundance in untrawlable habitat: combining acoustic and complementary sampling tools. Fishery Bull. 110, 332–343.

 Karpov, K., Bergen, M., Geibel, J. J., Valle, C. F., et al. (2010). Prospective (a priori) power analysis for detecting changes in density when sampling with strip transects. Calif. Fish Game 96, 69–81.

 Karpov, K., Lauermann, A., Cailliet, G., and Prall, M. (2004). Comparing Fisherman-Directed Hook and Trap Sampling of Groundfish to ROV-Based Assessment: Phase I – Methods Development in Collaboration Between Fisherman, FDFG, and University Scientists. San Jose, CA: California Department of Fish and Game and Moss Landing Marine Laboratories.

 Karpov, K. A., Bergen, M., and Geibel, J. J. (2012). Monitoring fish in California Channel Islands marine protected areas with a remotely operated vehicle: the first five years. Mar. Ecol. Prog. Ser. 453, 159–172. doi: 10.3354/meps09629

 Koenig, C. C., Shepard, A. N., Reed, J. K., Coleman, F. C., Brooke, S. D., Brusher, J., et al. (2005). Habitat and fish populations in the deep-sea Oculina coral ecosystem of the Western Atlantic. Am. Fish. Soc. Symp. 41, 795–805.

 Lacharité, M., Metaxas, A., and Lawton, P. (2015). Using object-based image analysis to determine seafloor fine-scale features and complexity. Limnol. Oceanogr. Methods 13, 553–567. doi: 10.1002/lom3.10047

 Laidig, T. E., Krigsman, L. M., and Yoklavich, M. M. (2012). Reactions of fishes to two underwater survey tools, a manned submersible and a remotely operated vehicle. Fishery Bull. 111, 54–67. doi: 10.7755/FB.111.1.5

 Laidig, T. E., and Yoklavich, M. M. (2016). A comparison of density and length of Pacific groundfishes observed from 2 survey vehicles: a manned submersible and a remotely operated vehicle. Fishery Bull. 114, 386–396. doi: 10.7755/FB.114.4.2

 Lauermann (2014). “South coast MPA study region ROV deployment 1,” in January 2014 Interim Report (Marine Applied Research and Exploration), 1–31. Available online at: http://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=84543

 Laurenson, C. H., Hudson, I. R., Jones, D. O. B., and Priede, I. G. (2004). Deep water observations of Lophius piscatorius in the north-eastern Atlantic Ocean by means of a remotely operated vehicle. J. Fish Biol. 65, 947–960. doi: 10.1111/j.0022-1112.2004.00496.x

 Lindholm, J., Gleason, M., Kline, D., Clary, L., Rienecke, S., Cramer, A., et al. (2015). Ecological effects of bottom trawling on the structural attributes of fish habitat in unconsolidated sediments along the central California outer continental shelf. Fishery Bull. 113, 82–96. doi: 10.7755/FB.113.1.8

 Linley, T. D., Alt, C. H. S., Jones, D. O. B., and Priede, I. G. (2013). Bathyal demersal fishes of the Charlie-Gibbs Fracture Zone region (49°-54°N) of the Mid-Atlantic Ridge: III. Results from remotely operated vehicle (ROV) video transects. Deep Sea Res. Part II Top. Stud. Oceanogr. 98, 407–411. doi: 10.1016/j.dsr2.2013.08.013

 Lorance, P., and Trenkel, V. M. (2006). Variability in natural behaviour, and observed reactions to an ROV, by mid-slope fish species. J. Exp. Mar. Biol. Ecol. 332, 106–119. doi: 10.1016/j.jembe.2005.11.007

 Luck, D. G., and Pietsch, T. W. (2008). In-situ observations of a deep-sea ceratioid anglerfish of the Genus Oneirodes (Lophiiformes: Oneirodidae). Copeia 2008, 446–451. doi: 10.1643/CE-07-075

 Lundsten, L., Schlining, K. L., Frasier, K., Johnson, S. B., Kuhnz, L. A., Harvey, J. B. J., et al. (2010). Time-series analysis of six whale-fall communities in Monterey Canyon, California, USA. Deep Sea Res. Part I 57, 1573–1584. doi: 10.1016/j.dsr.2010.09.003

 Lyle, J. M., Bell, J. D., Chuwen, B. M., Barrett, N., Tracey, S. R., and Buxton, C. D. (2014). “Assessing the impacts of gillnetting in Tasmania: implications for by-catch and biodiversity,” in Fisheries Research & Development Corporation (FRDC) Report. Hobart, TAS: Institute for Marine and Antarctic Studies, University of Tasmania.

 Macreadie, P. I., McLean, D. L., Thomson, P. G., Partridge, J. C., Jones, D. O. B., Gates, A. R., et al. (2018). Eyes in the sea: unlocking the mysteries of the ocean using industrial, remotely operated vehicles (ROVs). Sci. Tot. Environ. 634, 1077–1091. doi: 10.1016/j.scitotenv.2018.04.049

 Malcolm, H. A., Jordan, A., and Smith, S. D. A. (2011). Testing a depth-based habitat classification system against reef fish assemblage patterns in a subtropical marine park. Aquat. Conserv. 21, 173–185. doi: 10.1002/aqc.1165

 Mallet, D., and Pelletier, D. (2014). Underwater video techniques for observing coastal marine biodiversity: a review of sixty years of publications (1952–2012). Fish. Res. 154, 44–62. doi: 10.1016/j.fishres.2014.01.019

 Mapula, S. M., Sven, E. K., Albrecht, G., Kerry, S., Toufiek, S., and Christopher, G. W. (2016). Notes on a remotely operated vehicle survey to describe reef ichthyofauna and habitats–Agulhas Bank, South Africa. Bothalia 46, e1–e7. doi: 10.4102/abc.v46i1.2108

 McLean, D. L., Green, M., Harvey, E. S., Williams, A., Daley, R., and Graham, K. J. (2015). Comparison of baited longlines and baited underwater cameras for assessing the composition of continental slope deepwater fish assemblages off southeast Australia. Deep Sea Res. Part I 98, 10–20. doi: 10.1016/j.dsr.2014.11.013

 McLean, D. L., Partridge, J. C., Bond, T., Birt, M. J., Bornt, K. R., and Langlois, T. J. (2017). Using industry ROV videos to assess fish associations with subsea pipelines. Cont. Shelf Res. 141, 76–97. doi: 10.1016/j.csr.2017.05.006

 McLean, D. L., Taylor, M. D., Partridge, J. C., Gibbons, B., Langlois, T. J., Malseed, B. E., et al. (2018). Fish and habitats on well-head infrastructure on the north west shelf of Western Australia. Cont. Shelf Res. 164, 10–27. doi: 10.1016/j.csr.2018.05.007

 Meirelles, P. M., Amado-Filho, G. M., Pereira-Filho, G. H., Pinheiro, H. T., de Moura, R. L., Joyeux, J. C., et al. (2015). Baseline assessment of mesophotic reefs of the vitoria-trindade seamount chain based on water quality, microbial diversity, benthic cover and fish biomass data. PLoS ONE 10:e0130084. doi: 10.1371/journal.pone.0130084

 Mortensen, P. B., Buhl-Mortensen, L., Gebruk, A. V., and Krylova, E. M. (2008). Occurrence of deep-water corals on the Mid-Atlantic Ridge based on MAR-ECO data. Deep Sea Res. Part II 55, 142–152. doi: 10.1016/j.dsr2.2007.09.018

 Moser, M. L., Auster, P. J., and Bichy, J. B. (1998). Effects of mat morphology on large Sargassum-associated fishes: observations from a remotely operated vehicle (ROV) and free-floating video camcorders. Environ. Biol. Fishes 51, 391–398. doi: 10.1023/A:1007493412854

 Mundy, B. C., Gerringer, M. E., Nielsen, J. G., Fryer, P., and Leitner, A. (2018). First in situ observation of an aphyonid fish (Teleostei, Ophidiiformes, Bythitidae). Deep Sea Res. Part II. 150, 164–169. doi: 10.1016/j.dsr2.2017.09.009

 Murphy, H. M., and Jenkins, G. P. (2010). Observational methods used in marine spatial monitoring of fishes and associated habitats: a review. Mar. Freshw. Res. 61, 236–252. doi: 10.1071/MF09068

 Norcross, B. L., and Mueter, F.-J. (1999). The use of an ROV in the study of juvenile flatfish. Fish. Res. 39, 241–251. doi: 10.1016/S0165-7836(98)00200-8

 Pacunski, R. E., Palsson, W. A., and Greene, H. G. (2013). Estimating Fish Abundance and Community Composition on Rocky Habitats in the San Juan Islands Using a Small Remotely Operated Vehicle. Washington, DC: Washington Department of Fish and Wildlife, Fish Program, Fish Management Division.

 Pacunski, R. E., Paulsson, W. A., Greene, H. G., and Gunderson, D. (2008). “Conducting visual surveys with a small ROV in shallow water,” in Marine Habitat Mapping Technology for Alaska, eds J. R. Reynolds and H. G. Greene (Fairbanks, AK), 109–128. doi: 10.4027/mhmta.2008.08

 Patterson, W. F. III, Dance, M. A., and Addis, D. T. (2009). Development of a remotely operated vehicle based methodology to estimate fish community structure at artificial reef sites in the Northern Gulf of Mexico. Proc. Gulf. Caribb. Fish. Inst. 61, 263–270.

 Perkins, N. R., Foster, S. D., Hill, N. A., and Barrett, N. S. (2016). Image subsampling and point scoring approaches for large-scale marine benthic monitoring programs. Estuar. Coast. Shelf Sci. 176, 36–46. doi: 10.1016/j.ecss.2016.04.005

 Pierdomenico, M., Martorelli, E., Dominguez-Carrió, C., Gili, J. M., and Chiocci, F. L. (2016). Seafloor characterization and benthic megafaunal distribution of an active submarine canyon and surrounding sectors: the case of Gioia Canyon (Southern Tyrrhenian Sea). J. Mar. Syst. 157, 101–117. doi: 10.1016/j.jmarsys.2016.01.005

 Pita, P., Fernández-Márquez, D., and Freire, J. (2014). Short-term performance of three underwater sampling techniques for assessing differences in the absolute abundances and in the inventories of the coastal fish communities of the Northeast Atlantic Ocean. Mar. Freshw. Res. 65, 105–113. doi: 10.1071/MF12301

 Pradella, N., Fowler, A. M., Booth, D. J., and Macreadie, P. I. (2014). Fish assemblages associated with oil industry structures on the continental shelf of north-western Australia. J. Fish Biol. 84, 247–255. doi: 10.1111/jfb.12274

 Quattrini, A. M., Demopoulos, A. W. J., Singer, R., Roa-Varon, A., and Chaytor, J. D. (2017). Demersal fish assemblages on seamounts and other rugged features in the northeastern Caribbean. Deep Sea Res. Part I 123, 90–104. doi: 10.1016/j.dsr.2017.03.009

 Quattrini, A. M., and Ross, S. W. (2006). Fishes associated with North Carolina shelf-edge hardbottoms and initial assessment of a proposed marine protected area. Bull. Mar. Sci. 79, 137–163.

 Romano, C., Gerard, D., Edin, O., Joseph, C., Thomas, N., and Daniel, T. (2017). Inspection-class remotely operated vehicles—a review. J. Mar. Sci. Eng. 5:3. doi: 10.3390/jmse5010013

 Rooper, C. N., Martin, M. H., Butler, J. L., Jones, D. T., and Zimmerman, M. (2012). Estimating species and size composition of rockfishes to verify targets in acoustic surveys of untrawlable areas. Fishery Bull. 110, 317–331.

 Rosa, M. R., Alves, A. C., Medeiros, D. V., Coni, E. O. C., Ferreira, C. M., Ferreira, B. P., et al. (2015). Mesophotic reef fish assemblages of the remote St. Peter and St. Paul's Archipelago, Mid-Atlantic Ridge, Brazil. Coral Reefs 35, 113–123. doi: 10.1007/s00338-015-1368-x

 Ross, S. W., Rhode, M., Viada, S. T., and Mather, R. (2016). Fish species associated with shipwreck and natural hard-bottom habitats from the middle to outer continental shelf of the Middle Atlantic Bight near Norfolk Canyon. Fishery Bull. 114, 45–57. doi: 10.7755/FB.114.1.4

 Ruhl, H. A., Hastings, P. A., Zarubick, L. A., Jensen, R. M., and Zdzitowiecki, K. (2003). Fish populations of Port Foster, Deception Island, Antarctica and vicinity. Deep Sea Res. Part II 50, 1843–1858. doi: 10.1016/S0967-0645(03)00094-8

 Salvati, E., Angiolillo, M., Bo, M., Bavestrello, G., Giusti, M., Cardinali, A., et al. (2010). The population of Errina aspera (Hydrozoa: Stylasteridae) of the Messina Strait (Mediterranean Sea). J. Mar. Biol. Assoc. U. K. 90, 1331–1336. doi: 10.1017/S0025315410000950

 Santana-Garcon, J., Braccini, M., Langlois, T. J., Newman, S. J., McAuley, R. B., and Harvey, E. S. (2014). Calibration of pelagic stereo-BRUVs and scientific longline survey for sampling sharks. Methods Ecol. Evolut. 5, 824–833. doi: 10.1111/2041-210X.12216

 Smale, M. J., Sauer, W. H. H., and Roberts, M. J. (2001). Behavioural interactions of predators and spawning chokka squid off South Africa: towards quantification. Mar. Biol. 139, 1095–1105. doi: 10.1007/s002270100664

 Smith, J. G., and Lindholm, J. (2016). Vertical stratification in the distribution of demersal fishes along the walls of the La Jolla and Scripps submarine canyons, California, USA. Cont. Shelf Res. 125, 61–70. doi: 10.1016/j.csr.2016.07.001

 Söffker, M., Sloman, K. A., and Hall-Spencer, J. M. (2011). In situ observations of fish associated with coral reefs off Ireland. Deep Sea Res. Part I 58, 818–825. doi: 10.1016/j.dsr.2011.06.002

 Spalding, H. L., Foster, M. S., and Heine, J. N. (2003). Compostion, distribution and abundance of deep-water (>30 m) macroalgae in central California. J. Phycol. 39, 273–284. doi: 10.1046/j.1529-8817.2003.02010.x

 Spanier, E., Cobb, J. S., and Clancy, M. (1994). Impacts of Remotely Operated Vehicles (ROVs) on the behavior of marine animals: an example using American lobsters. Mar. Ecol. Prog. Ser. 104, 257–266. doi: 10.3354/meps104257

 Stein, D. L., Felley, J. D., and Vecchione, M. (2005). ROV observations of benthic fishes in the Northwind and Canada Basins, Arctic Ocean. Polar Biol. 28, 232–237. doi: 10.1007/s00300-004-0696-z

 Stierhoff, K. L., Butler, J. L., Mau, S. A., and Murfin, D. W. (2013). “Abundance and biomass estimates of demersal fishes at the Footprint and Piggy Bank from optical surveys using a remotely operated vehicle (ROV),” in NOAA Technical Memorandum NMFS (La Jolla, CA: U. S. Department of Commerce, National Oceanic and Atmospheric Administration).

 Stierhoff, K. L., Neuman, M., and Butler, J. L. (2012). On the road to extinction? Population declines of the endangered white abalone, Haliotis sorenseni. Biol. Conserv. 152, 46–52. doi: 10.1016/j.biocon.2012.03.013

 Stoner, A. W., Clifford, H. R., Parker, S. J., Auster, P. J., and Wakefield, W. W. (2008). Evaluating the role of fish behavior in surveys conducted with underwater vehicles. Can. J. Fish. Aquat. Sci. 65, 1230–1243. doi: 10.1139/F08-032

 Strindberg, S., and Buckland, S. T. (2004). Zigzag survey designs in line transect sampling. J. Agric. Biol. Environ. Stat. 9, 443–461. doi: 10.1198/108571104X15601

 Taylor, J. R., DeVogelaere, A. P., Burton, E. J., Frey, O., Lundsten, L., Kuhnz, L. A., et al. (2014). Deep-sea faunal communities associated with a lost intermodal shipping container in the Monterey Bay National Marine Sanctuary, CA. Mar. Pollut. Bull. 83, 92–106. doi: 10.1016/j.marpolbul.2014.04.014

 Thresher, R., Althaus, F., Adkins, J., Gowlett-Holmes, K., Alderslade, P., Dowdney, J., et al. (2014). Strong depth-related zonation of megabenthos on a rocky continental margin (approximately 700-4000 m) off southern Tasmania, Australia. PLoS ONE 9:e85872. doi: 10.1371/journal.pone.0085872

 Todd, V. L. G., Lavallin, E. W., and Macreadie, P. I. (2018). Quantitative analysis of fish and invertebrate assemblage dynamics in association with a North Sea oil and gas installation complex. Mar. Environ. Res. 142, 69–79. doi: 10.1016/j.marenvres.2018.09.018

 Trenkel, V. M., Chris Francis, R. I. C., Lorance, P., Mahévas, S., Rochet, M.-J., and Tracey, D. M. (2004a). Availability of deep-water fish to trawling and visual observation from a remotely operated vehicle (ROV). Mar. Ecol. Prog. Ser. 284, 293–303. doi: 10.3354/meps284293

 Trenkel, V. M., and Lorance, P. (2011). Estimating Synaphobranchus kaupii densities: contribution of fish behaviour to differences between bait experiments and visual strip transects. Deep Sea Res. Part I 58, 63–71. doi: 10.1016/j.dsr.2010.11.006

 Trenkel, V. M., Lorance, P., and Mahévas, S. (2004b). Do visual transects provide true population density estimates for deepwater fish? ICES J. Mar. Sci. 61, 1050–1056. doi: 10.1016/j.icesjms.2004.06.002

 Veitch, L., Dulvy, N. K., Koldewey, H., Lieberman, S., Pauly, D., Roberts, C. M., et al. (2012). Avoiding empty ocean commitments at Rio+20. Science 336, 1383–1385. doi: 10.1126/science.1223009

 Watson, D. L., Harvey, E. S., Anderson, M. J., and Kendrick, G. A. (2005). A comparison of temperate reef fish assemblages recorded by three underwater stereo-video techniques. Mar. Biol. 148, 415–425. doi: 10.1007/s00227-005-0090-6

 Watson, D. L., Harvey, E. S., Fitzpatrick, B. M., Langlois, T. J., and Shedrawi, G. (2010). Assessing reef fish assemblage structure: how do different stereo-video techniques compare? Mar. Biol. 157, 1237–1250. doi: 10.1007/s00227-010-1404-x

 White, J., Simpfendorfer, C. A., Tobin, A. J., and Heupel, M. R. (2013). Application of baited remote underwater video surveys to quantify spatial distribution of elasmobranchs at an ecosystem scale. J. Exp. Mar. Biol. Ecol. 448, 281–288. doi: 10.1016/j.jembe.2013.08.004

 Widder, E. A., Robison, B. H., Reisenbichler, K. R., and Haddock, S. H. D. (2005). Using red light for in situ observations of deep-sea fishes. Deep Sea Res. Part I 52, 2077–2085. doi: 10.1016/j.dsr.2005.06.007

 Wraith, J., Lynch, T., Minchinton, T. E., Broad, A., and Davis, A. R. (2013). Bait type affects fish assemblages and feeding guilds observed at baited remote underwater video stations. Mar. Ecol. Prog. Ser. 477, 189–199. doi: 10.3354/meps10137

 Yamamoto, J., Nobetsu, T., Iwamori, T., and Sakurai, Y. (2009). Observations of food falls off the Shiretoko Peninsula, Japan, using a remotely operated vehicle. Fish. Sci. 75, 513–515. doi: 10.1007/s12562-008-0055-z

 Zeidberg, L. D., and Robison, B. H. (2007). Invasive range expansion by the Humboldt squid, Dosidicus gigas, in the eastern North Pacific. Proc. Natl. Acad. Sci. U.S.A. 104, 12948–12950. doi: 10.1073/pnas.0702043104

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Sward, Monk and Barrett. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmars-06-00134-g005.gif
[,





OPS/images/fmars-06-00134-g006.gif
5
i






OPS/images/fmars-06-00134-g003.gif
RN IIINIIIKN





OPS/images/fmars-06-00134-g004.gif
@ Wotkig s ey

"wwwwwwfwfwww

200N





OPS/images/fmars-06-00134-t001.jpg
Size
Power

Payload Capabilties

Expenses

Personnel required to operate

Size of vessel required to deploy from
Accessibilty of use

Observation-class

Working-class

b+





OPS/images/fmars-06-00134-g007.gif
T

Consiest ey
/\/
[—
——
seme sipmzon  sopmmes
S it
ponl pependic






OPS/images/fmars-06-00134-g008.gif





OPS/images/fmars-06-00134-t005.jpg
ROV Class

Observation-class Mini
pe

Regular

B

Working-class Heavy/Light
$89/88-

$8%°

Conditions Substrata
Optimal sea state: Natural
Good habitats

Depth capabity: <100m

Artificial
structures.
Optimal sea state: Natural
Good-Fair habitats
Depth
capabilty: <150m
Artifcial
structures
Optimal sea state: Natural
Good-Poor habitats
Depth
capabilty: >30m
Artificial
structures

Optimal
transect**

RT

MTS

CRT

Vertical SW

Justifications and considerations

RTs use anchored umbilical tethers to improve the
performance of ROVs in less than ideal sea state
conditions while maximizing the sampling area covered
while using shorter tether cords typically associated with
mini-sized systems

Studiies that require longer tether lengths (e.g., in deeper
water or long transects) can use live-boating to provide
greater stabilty to STs or OBs, although this sampling
strategy is more subjective to sea state conditions and
may present challenges in high relief habitats

MTSs provide intensive assessments of common and
cryptic fish species on finite structures (Bryan et al.,
2018), such as sunken vessels and artifcial reefs, that
are more practical for mini-class systems than are CRTs
and DITs

However, DITs may provide a better representation of
community structure along vertical structures, stch as ol
and gas platior legs, whereas STs may be more
appropriate for narmow structures, such as oil and gas
pipelines, that may not benefit from stationary
abundance counts

With greater thruster power (compared to mini-sized
systems), regular-sized ROV can relfably survey fish
over long distances by using STs while live-boating or
with an unweighted tether. Live-boating offers greater
stabilty in suboptimal sea state conditions than with an
unweighted tether, but may introduce complications in
high refief habitat

Greater performance also allows for more complex ATs
to be considered, however further research is needed to
determine the effectiveness of each of these transects
The high maneuverabilty of regular-sized ROV allow
these systems to complete complex CRTs along finite
structures, providing intensive but efficient assessments
of fish, including species with patchy distributions
(Ajernian et al,, 2015b)

‘The recommended alternative sampling strategies for
mini-sized systems on artficial structures may also be
effective for regular-sized systems

SWs maximize the sampling area covered while reducing
the amount of time deploying/recovering these large
working-class systems from the vessel

Working-class systems also have the precision to
complete more complex ATs. Further research is needed
to determine the effectiveness of each of these transects
Transects placed across depth strata from the botiom to
the top of the artificial structure, forming
vertically-oriented SW, may allow for extensive coverage
of fish communities on finite structures. Timed stationary
counts could also be included into this sampling design,
to better survey cryptic and small-bodied species

The recommended alternative sampling strategies for
observation-class systems on artificial structures may
also be effective for working-class systems

*The approximate cost to purchase and operate different ROV models, with S, tens of thousands; $8, hundreds of thousands; and $88, millons of Australien dolars. ST, strp transect;
R, radlal transect; SW, swath transect; OB, observatory transect; MTS, moified timed swim; CRT, continuous roving trensect; DIT, depthvinterval transect; AT, altemative transect

(e.g., polygonal, zigzag, and clover).
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Relevant Papers
Linley et al., 2013

Karpov et al,, 2010

Haggarty et al,, 2016
Carpenter and Shull,
2011

Lindholm et al., 2015
Ross et al., 2016
Karpov et al., 2012
Trenkel et al., 2004b
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2011
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etal. (2008)

‘Comments

Characterized deep-sea (~2,500 m) fish assemblages in the
Charlie-Gibbs Fracture Zone region of the Mid-Atlantic Ridge
Established optimal sample unit size (transect length) and total
sampiing effort needed to measure changes in density between
two sampling study areas

Assessed rockfish recovery in marine protected areas in British
Columbia using a Controk-Impact study design

Compared ROV and underwater visual census surveys of rockfish

Investigated the effects of bottom trawiing on macro-invertebrate
communities

Characterized fish assemblages on a shipwreck and nearby
hard-bottom habitats

Compared the population structure of fish in six marine protected
areas with four reference sites

Investigated the natural behaviors and responses of fish to the
ROV

Cormpared the local densities and behaviors of fish observed by
ROV surveys and baited experiments

Compared species-specific differences in the
availability/catchability of deep-water fish to trawiing and ROV
Characterized fish assemblages on large, deep-sea food-falls
(1,210-1,235m)

Investigated species-habitat associations while following reef
habitat using a live-boat configuration with 50 m radius, clump
weight and float to limit snagging on seafloor

Assessed the vertical distribution of fish along canyon walis off the
coast of California

Assessed mesophotic fish communities on a remote archipelago
near Brzil

Assessed fish assemblages on artificil reefs in the Gulf of Mexico
Investigated the distance from the target and angle of laser scale
required to estimate fish lengths accurately (pool experiments) and
caloulated the average percent error between two readers that
analyzed the video footage (field experiments)

Compared ROV and underwater visual censuses for surveying fish
assemblages on offshore has platforms i the lonian Sea
Compared depth-interval transects and continuous roving
transects for characterizing fish communities in complex habitats
Used ROVs and multi-beam sonar to estimate abalone population
Characterized mesophotic fish communities on a vessel reef in
south Florida

Compared density and length estimates of groundfishes obtained
by a manned submersible and ROV

Assessments of fish and invertebrate assemblages on oil and gas
structures in the North Sea

Assessed the influence of mat morphology on
Sargassum-associated fishes using ROVs and free-floating video
camoorders

Observed biological assemblages on deep-sea food falls
(228-234m)

Investigated habitat associations of fish and crabs in the Bering
Sea. Movement was restricted to within 26 m radius of a clump
weight

Investigated the effects of active driing platforms on epibenthic
megafaunal communities. ROV transects radiated outward from
diiling sites

Compared juvenile flatfish populations using ROVs and trawl data.
ROV movement was restricted to within 40-50m radius of a
clump weight

Applied in shipboard and aerial line transect survey of animal
populations

Investigated transect designs and technological problems
associated with ROV using stationary (anchored) technicue
Investigated the technical aspects of designing and conducting
shallow-water (<200 m) surveys with a small ROV, using stationary
(anchored) technique

*Type of study: Nat, biological assessments in natural habitats; Art, biological assessments in artificial habitats; Exp, exploratory/observatory surveys without the use of a transect; MPA,
marine protected area surveys; Eval, evaluation of ROVs and associated sampling designs; Comp, survey method comparisons.
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